Stratosphere ) with a well-resolved stratosphere, we test the sensitivity of volcanic aerosol plume dispersion to meteorological conditions by simulating 1 day Mount Pinatubo-like eruptions on 10 consecutive days. The dispersion of the volcanic aerosol is found to be highly sensitive to the ambient meteorology for low-altitude eruptions (16-18 km), with this variability related to anomalous anticyclonic activity along the subtropical jet, which affects the permeability of the tropical pipe and controls the amount of aerosol that is retained by the tropical reservoir. Conversely, a high-altitude eruption scenario (19-29 km) exhibits low meteorological variability. Overcoming day-to-day meteorological variability by spreading the emission over 10 days is shown to produce insufficient radiative heating to loft the aerosol into the stratospheric tropical aerosol reservoir for the low eruption scenario. This results in limited penetration of aerosol into the southern hemisphere (SH) in contrast to the SH transport observed after the Pinatubo eruption. Our results have direct implications for the accurate simulation of past/future volcanic eruptions and volcanically forced climate changes, such as Intertropical Convergence Zone displacement.
Introduction
After weeks of precursory activity, Mount Pinatubo in the Philippines (15°N, 121°E) erupted on 15 June 1991 in a volcanic episode that lasted~9 h starting at 14:00 (local time), although 90% of the total magmatic injecta was emitted in an intense phase that last~3 h [Holasek et al., 1996; Guo et al., 2004; Self et al., 2004] . The Pinatubo eruption was significant for multiple reasons. It was the first major volcanic eruption to be comprehensively documented by satellite instruments, lidars, and airborne aerosol counters [McCormick et al., 1995] ; it likely produced the greatest volume of volcanic material injected into the atmosphere of any twentieth century eruption [Bluth et al., 1992; Robock, 2000] ; and it had a broad climatic influence that would prove a vital validation tool for the burgeoning global climate model (GCM) development community. The Pinatubo eruption induced a global mean lower tropospheric cooling of 0.3°C (averaged over the subsequent 4 years) [Soden et al., 2002] , enhanced ozone reaction catalysis for 1-2 years [Hofmann et al., 1992; McCormick et al., 1995] , disrupted the hydrological cycle [Spencer et al., 1998; Trenberth and Dai, 2007] , induced a tropical stratospheric warming [Labitzke and McCormick, 1992] , and instigated a wealth of other climatic perturbations [e.g., McCormick et al., 1995; Russell et al., 1996; Robock, 2000] .
The primary driver of these climatic impacts was the volcanic aerosol that resided in the stratosphere for multiple years and influenced both the incoming shortwave (SW) radiation and outgoing longwave (LW) radiation [Stenchikov et al., 1998 ]. This aerosol plume was primarily composed of sulfate (SO 4 ) in the form of liquid sulfuric acid (H 2 SO 4 ) droplets (60-80% by mass) in aqueous solution, formed from the oxidation of gaseous sulfur dioxide (SO 2 ), which was oxidized to SO 4 with an e-folding time of~35 days [Bluth et al., 1992] . Heavier constituents of the initial plume such as ash were removed from the atmosphere within weeks and therefore provided a short-term, localized climatic forcing [Russell et al., 1996; Niemeier et al., 2009] . Early observations from the Total Ozone Mapping Spectrometer suggested that Pinatubo emitted~20 teragrams (Tg) of SO 2 [Bluth et al., 1992] , although a later, revised estimate suggested 14-23 Tg [Guo et al., 2004] . Recent Pinatubo simulations with models that incorporate aerosol microphysics suggest that an SO 2 emission of nearer 14 Tg produces better agreement with observations [Sheng et al., 2015] . McCormick and Veiga, 1992] . After the eruption, the aerosol plume was rapidly transported westward via zonal stratospheric winds and encircled the Earth within 22 days [Bluth et al., 1992] . Additionally, the aerosol cloud was initially advected both northward and southward, crossing the equator within 1 week [Young et al., 1994] . Subsequent meridional transport was impeded by the "leaky tropical pipe"-a sharp latitudinal potential vorticity gradient in the subtropical stratosphere-and later by the strong polar night jet in the southern hemisphere (SH) [Boville et al., 1991] . For the first couple of months after the eruption, the aerosol cloud was primarily confined to the tropical stratosphere (20°S-30°N), within altitudes of 20-30 km [McCormick et al., 1995] . The contemporaneous descending easterly shear phase of the quasi-biennial oscillation (QBO), coupled with a strong lower stratospheric meridional wind gradient in the subtropics, contributed to the initial confinement of the aerosol to the tropics [Trepte and Hitchman, 1992; Trepte et al., 1993; Choi et al., 1998 ]. By July 1991, aerosol in the lower stratosphere (~16 km/100 hPa altitude) had been transported to high northern hemisphere (NH) latitudes (>50°N), primarily through advection by a tropospheric quasi-stationary anticyclone over Asia [McCormick et al., 1995; Trepte et al., 1993; Timmreck et al., 1999b] . Additionally, aerosol was later transported to the NH at higher altitudes (~25 km/ 30 hPa altitude) in the months following the shift from summer to winter stratospheric dynamics in October 1991 [Trepte et al., 1993] . Significant aerosol transport into the SH occurred during September 1991 in the high-altitude regime (~22 km/40 hPa altitude), primarily as the result of transient subtropical anticyclones [Trepte et al., 1993] . The global sulfate cloud decayed exponentially with an e-folding time of~1-2 years [Kirchner et al., 1999; Driscoll et al., 2012] .
Various GCMs have been used to simulate the dispersal of the Pinatubo aerosol cloud. Early experiments treated the aerosol as a passive tracer, which disregards the radiative feedback of the aerosol [Boville et al., 1991; Pudykiewicz and Dastoor, 1995; Timmreck et al., 1999b] . Young et al. [1994] combined a 3-D circulation model with an aerosol transport/radiation code to show the importance of including the radiative feedback on the resultant dispersion of the aerosol. Timmreck et al. [1999a] showed that the stratospheric dynamical adjustments from aerosol-induced radiative heating could induce a strengthening of the polar vortex, in agreement with observations from 1991/1992 [e.g., Robock and Mao, 1995] . However, the simulated tropical aerosol reservoir in Timmreck et al. [1999a] was short-lived compared with observations, which the authors attributed to the absence of a QBO in their GCM. The QBO is a periodic oscillation of the equatorial, stratospheric zonal mean, zonal wind direction at~40 hPa altitude [Baldwin et al., 2001] . Pinatubo simulations with GCMs that do not include a QBO have generally exhibited a short-lived tropical aerosol reservoir [Oman et al., 2006; Niemeier et al., 2009; Toohey et al., 2011] . Niemeier et al. [2009] coupled an aerosol microphysics module with a GCM to show that radiative heating induced by the short-lived ash ejected by Pinatubo could alter the initial trajectory of the sulfate plume. Toohey et al. [2011] showed that the Pinatubo aerosol optical depth (AOD) evolution is sensitive to the season of eruption (particularly in the NH), which they attributed to the state of the BrewerDobson circulation (BDC) in the stratosphere. Aquila et al. [2012] (hereafter, AQ12) simulated Pinatubo using the Goddard Earth Observing System version 5 GCM, which included a single-moment sulfate-transport scheme and radiatively interactive aerosol, but no QBO representation. They injected 20 Tg [SO 2 ] at the comparatively low altitudes of 16-18 km over a single day in eight consecutive "15 Junes" and with perpetual year 2000 conditions. The low-altitude specification was selected because sensitivity tests with high-altitude eruptions (16-25, 17-27, 20-27, and 20-30 km) had elevated the aerosol to altitudes that exceeded observations [e.g., McCormick and Veiga, 1992] . Their ensemble mean 550 nm AOD evolution (Figure 2 of AQ12) compared well to AVHRR and SAGE II observations. English et al. [2013] coupled a 3-D sectional aerosol model to a GCM to study the linearity of atmospheric aerosol burdens to increasing levels of SO 2 emissions, finding a nonlinear relationship due to enhanced aerosol growth and sedimentation. To compensate for the omission of radiatively interactive aerosol and a QBO, English et al. [2013] injected over a wide area (2°S-14°N, 95°E-115°E) and vertical span (15-29 km altitude), a technique also utilized by Timmreck et al. [1999a] , Weisenstein et al. [2007] , and Dhomse et al. [2014] . This "wide-injection" method sidesteps the necessary radiatively induced dynamical changes required to transport the aerosol southward and upward (AQ12). Dhomse et al. [2014] used a detailed aerosol microphysics module coupled to a GCM with an internally generated QBO to show that a simulated 10 Tg [SO 2 ] Pinatubo-like eruption produced aerosol size distributions that matched observations better than the ubiquitously utilized 20 Tg [SO 2 ] emission rate. Mills et al. [2016] also found that a 10 Tg [SO 2 ] injection produced the best fit to Pinatubo observations, while Sheng et al. [2015] found that 14 Tg [SO 2 ] produced the best fit. However, climate models are imperfect tools for inferring the quantity of SO 2 emitted by a volcanic eruption due to scenario-based uncertainties such as the altitude and composition of the volcanic plume, model-specific Journal of Geophysical Research: Atmospheres 10.1002/2016JD025001 limitations such as coarse spatiotemporal resolutions and parameterized processes, missing processes such as the co-injection of volcanic ash, and internal variability such as meteorological conditions.
A previously unexplored aspect of the Pinatubo eruption is the role of meteorology in the evolution of the aerosol plume, although the ensemble standard deviations in Figures 1 and 3 of AQ12 and Figures 5d-5f of Toohey et al. [2011] suggest a high meteorological sensitivity in previous simulations. The spread of the aerosol plume has implications for the climatic impacts of volcanic eruptions. For instance, Haywood et al. [2013] showed that enhancement of the stratospheric sulfate burden in a single hemisphere could alter the position of the Intertropical Convergence Zone (ITCZ) and associated monsoon precipitation. The aim of this investigation is to explicitly assess the sensitivity of the Pinatubo aerosol dispersion to the ambient meteorology. Additionally, we compare the aerosol dispersion from a 10 day eruption to the ensemble mean of ten 1 day eruptions, which represent two intuitive methods of overcoming meteorological variability whilst simulating a volcanic eruption. In section 2 we describe the GCM (Hadley Centre Global Environment Model version 2-Carbon Cycle Stratosphere (HadGEM2-CCS)) used for this investigation and the Pinatubo simulation suite. In section 3.1 we compare the global mean sulfate optical depth anomalies for the Pinatubo simulations to observations. In section 3.2 we compare the aerosol dispersion for the ensemble mean of the 1 day eruptions with the 10 day eruption. In section 3.3 we compare the aerosol dispersion for individual 1 day eruption simulations to assess the importance of meteorology. We discuss the significance of our results in the context of potential climatic impacts of future volcanic eruptions and future GCM Pinatubo simulations in section 4.
Methods

Model
We use the HadGEM2-CCS GCM in atmosphere-only mode with prescribed climatological sea surface temperatures and sea ice fields. HadGEM2-CCS is the high-top configuration of the HadGEM2 family of models, with the atmospheric submodel comprising 60 vertical levels extending to approximately 84 km (~0.01 hPa) altitude and with a horizontal resolution of 1.25°latitude by 1.875°by longitude [Martin et al., 2011] . We use perpetual Pre-Industrial Control (piControl) baseline conditions derived from Coupled Model Intercomparison Project Phase 5 (CMIP5) specifications Taylor et al., 2012] . This includes prescribed ozone fields following Cionni et al. [2011] and fixed atmospheric concentrations of carbon dioxide (CO 2 ), methane (CH 4 ), and nitrous oxide (N 2 O). Except for the process of methane oxidation, HadGEM2-CCS does not include stratospheric chemistry but does include a well-resolved stratosphere capable of internally generating a realistic QBO Watson and Gray, 2014] . The internal QBO is forced by parameterized orographic and nonorographic gravity wave drag schemes [Martin et al., 2011] . HadGEM2-CCS has been used for assessing the impacts of climate change on the stratospheric polar vortex strength [Mitchell et al., 2012] , the climatic impacts of stratospheric geoengineering schemes [Jackson et al., 2015; Jones et al., 2016] , and the influence of solar variability on surface climate [Gray et al., 2013] . Additionally, Haywood et al. [2010] simulated the 2008 Sarychev volcanic eruption with an atmosphere-only configuration of HadGEM2-CCS (as used here). Haywood et al. [2010] found that the simulated SO 2 dispersion closely resembled Infrared Atmospheric Sounding Interferometer observations and the SO 4 showed reasonable agreement with that derived from the Optical Spectrograph and Infrared Imager System limb-sounding instrument.
HadGEM2-CCS includes the Coupled Large-scale Aerosol Simulator for Studies in Climate (CLASSIC) aerosol module, which is described in detail by Martin et al. [2006] , Bellouin et al. [2011] , and references therein. The sulfur cycle includes the oxidation of gaseous SO 2 and dimethyl sulfide (DMS) to form sulfate aerosol, which is represented by two optically active modes (Aitken and accumulation) and a dissolved/in-cloud mode. The sulfate scheme represents the processes of nucleation, evaporation, coagulation, diffusion, and hygroscopic growth [Bellouin et al., 2011] . Aerosol is removed from the atmosphere via wet and dry deposition (important in the troposphere) and sedimentation (important in the stratosphere) with sedimentation rates calculated by applying Stokes' law [Jones et al., 2016] . DMS emissions and atmospheric oxidants (such as the OH -free radical) are prescribed for the duration of the simulations, according to piControl conditions. CLASSIC's sulfate accumulation mode is modified for this investigation in order to reflect the larger aerosols observed after volcanic eruptions [Russell et al., 1996] . The modified accumulation mode is represented by a lognormal distribution with geometric mean radius of r m = 0.376 μm and standard deviation of σ = 1.25
Journal of Geophysical Research: Atmospheres 10.1002/2016JD025001 [Rasch et al., 2008] , with the corresponding optical properties shown in Figure 1a of Jones et al. [2016] . This size distribution is applied throughout the atmosphere, which will have some influence on the tropospheric sulphur cycle and the associated aerosol-radiation and aerosol-cloud interactions. By prescribing a fixed radius, the model is unable to accurately represent the physical and optical properties of the evolving aerosol size distribution within the aerosol plume [Dhomse et al., 2014] . The dry-mode effective radius of this distribution (0.42 μm) is similar to the peak effective radius between 1 to 200 hPa from the Pinatubo simulations of English et al. [2013] . The choice of size distribution affects the sedimentation velocity of the aerosol particles. For the size distribution used here, Jones et al. [2016] found an average sedimentation rate between 18 and 26 km altitude of 23 m/d and between 26 and 30 km of 52 m/d. The model's radiation scheme [Edwards and Slingo, 1996] is coupled to the dynamics, allowing for radiatively induced aerosol self-lofting [Young et al., 1994] .
Pinatubo Simulation Design
A 40 year piControl simulation was initially conducted, from which we selected a model year in which the simulated QBO in June resembled the Pinatubo-concurrent QBO conditions. Specifically, Mount Pinatubo erupted in June 1991, at which time the QBO had entered an easterly phase 2 months previously [Hansen et al., 1992] . Trepte et al. [1993] showed that the transport of aerosol after large tropical volcanic eruptions is highly sensitive to the contemporaneous QBO phase. A time series of our simulated QBO compared with the ERA-Interim re-analyses for the Pinatubo period is shown in Figure 1 . Our Pinatubo simulations were initiated from June in the selected model year (time/altitude indicated in Figure 1 by a green star). We performed a single control simulation with no additional SO 2 emission, a single simulation with a continuous 10 day eruption (10D), in which SO 2 is emitted evenly between 1 and 10 June; 10 simulations with 1 day eruptions (1D), in which SO 2 is emitted evenly over a 24 h period on 1, …, 10 June; and 10 simulations with 3 h eruptions (3H), in which SO 2 is emitted evenly over a 3 h period from 14:00 to 17:00 on 1, …, 10 June. The 1D scenario was chosen following the simulation design of AQ12. However, as 90% of the total mass injected by Pinatubo on 15 June occurred during an~3 h phase from 14:00 to 17:00 [Holasek et al., 1996; Self et al., 2004] , we also examine any differences that may occur when representing Pinatubo emissions with a 3 h Figure 1 . Zonal mean, zonal wind during the Pinatubo-eruption era for (a) the HadGEM2-CCS control simulation and (b) ERA-interim reanalysis data [Dee et al., 2011] . 
Journal of Geophysical Research: Atmospheres
Results
Global-Mean Sulfate Optical Depth
The primary climatological field assessed in this research is the 550 nm sulfate aerosol optical depth (AOD), which was diagnosed in the aftermath of the Pinatubo eruption by the AVHRR and SAGE-II satellite-borne instruments, albeit at slightly different wavelengths of 630 nm and 525 nm, respectively [Stowe et al., 1992; McCormick and Veiga, 1992] . Figure 2 shows the monthly mean 550 nm AOD anomaly, averaged between 75°S and 75°N, for the HadGEM2-CCS (HG2) 1D and 10D simulations and the AVHRR and SAGE-II observations. AVHRR data are only collected over the cloud-free global oceans and are based on the updated data of Zhao et al. [2013] HG2, we subtract the parallel AOD of the CONTROL simulation to calculate anomalies. The blue and orange shaded areas in Figure 2 show the range for the 1D_LOW and 1D_HIGH experiments, respectively. From Figure 2 , it is clear that both the 1D_LOW_AV and the 1D_HIGH_AV AODs are initially in close agreement with the AVHRR values, with a peak in October 1991 of~0.17 and exponential decline thereafter. As discussed by multiple authors, SAGE II was unable to capture the peak AOD for the first few months after Pinatubo due to saturation at AODs > 0.15 [Russell et al., 1996] . Despite the integration of CLAES data with SAGE II data to overcome this saturation issue (L. Thomason, personal communication, 2016) , the updated SAGE_4λ data set is still unable to capture the peak aerosol extinctions in the immediate aftermath of the eruption. However, the greater coverage of the SAGE II observations and the instrument's ability to detect lower AODs than AVHRR (<0.02) [Stowe et al., 1992] make it useful for later AOD values. In particular, from January 1992 the aerosol plume had diminished sufficiently for SAGE_4λ and AVHRR AODs to be similar on the global mean scale (Figure 2) . A few aspects of the HG2 AODs in Figure 2 are salient: (1) 10D_LOW is significantly less than 1D_LOW_AV and peaks in September 1991 at~0.145 rather than October 1991 with a peak of~0.17; (2) the 1D_LOW ensemble spread is broad, for instance, the maximum AOD in April 1992 is 0.15 compared a minimum of~0.065; and (3) the 1D_HIGH ensemble spread is small, suggesting that the aerosol dispersion after a high-altitude SO 2 emission would be less sensitive to the ambient meteorology. Figure S1 in the supporting information compares the global 550 nm sulfate AOD anomaly for the 3H_LOW and 1D_LOW simulations. It is clear that the 3 h and 1 day eruptions produce very similar AODs, both in terms of ensemble mean and the ensemble range. This result could be an artefact of our model; a better representation of the aerosol microphysics within the evolving aerosol plume might yield greater differences between the 3 h and 24 h eruption scenarios than shown here due to differing feedback between the aerosol and the meteorology. However, for the basis of this investigation and due to the similarity between the AOD evolutions, we present results from the aerosol dispersion from the 1D_LOW simulations instead of the 3H_LOW simulations for consistency with AQ12. Figure 3 shows the time series of zonal mean AOD anomaly for the 10D experiments and the ensemble means of the 1D experiments and for SAGE_4λ and AVHRR observations. For the HG2 experiments, we use the zonal mean AOD over oceans from May 1991 to December 1991 for best comparison with AVHRR. The R 2 values given in Figure 3 for the HG2 AOD fields are calculated with respect to AVHRR from July to December 1991 and SAGE_4λ thereafter ( Figure S2 shows the composite AVHRR/ SAGE_4λ field). R 2 , the coefficient of determination, describes the proportion of the variance in the observations that can be explained by the model (ranging from 0 to 1, with higher values indicating better agreement) [Legates and McCabe, 1999] . While 1D_LOW_AV captures the transport of aerosol into the SH as observed by SAGE II and AVHRR, the 10D_LOW volcanic aerosol is entirely confined to the NH. It is clear from the R 2 values that 1D_LOW_AV describes slightly more of the variability in the observations than 1D_HIGH_AV (R 2 of 0.31 compared to 0.25) and that 1D_LOW_AV is a much better fit to the observations than 10D_LOW. The difference in AOD in the SH between 1D_LOW_AV and the observations is partially attributable to the Cerro Hudson eruption in August 1991 at (46°S, 73°W), which injected 3.3 Tg [SO 2 ] into the stratosphere [Deshler and AndersonSprecher, 2006] and is not represented in these simulations. The Cerro Hudson aerosol was able to penetrate deep into the SH immediately (because of the volcano's location), while the Pinatubo aerosol was contemporaneously confined to the tropical vortex [McCormick et al., 1995; Legrand and Wagenbach, 1999] . We chose not to represent the Cerro Hudson eruption in these simulations as the primary purpose is to investigate the influence of meteorological variability on the evolution of the plume from Pinatubo from HG2. By omitting representation of Cerro Hudson, a "perfect" Pinatubo simulation would not produce R 2 = 1, because the AVHRR/ SAGE_4λ observations also include the Cerro Hudson aerosol. Therefore, R 2 as used in Figure 3 only provides an approximate measure of "goodness of fit" between the model and observations. Figure 4 shows the equatorial SO 2 concentration anomaly plotted against altitude in September 1991 for 10D_HIGH, 1D_HIGH_AV, 10D_LOW, and 1D_LOW_AV. Observations from the Microwave Limb Sounder (MLS) [Read et al., 1993] are indicated by the black circles in Figure 4 . It is clear that 1D_LOW_AV best captures the peak of the SO 2 plume as observed by the MLS at~22 hPa altitude. However, 1D_LOW_AV overestimates the SO 2 concentrations at~50 hPa compared to the MLS observations, which could be due to SO 2 removal processes that are not represented in the model such as deposition on ash or ice, or it could be due to the
10 day Eruption Against 1 Day Eruption Ensemble Mean
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fixed aerosol radius used here. The 14 Tg [SO 2 ] HIGH simulations fail to capture the peak of the SO 2 plume; however, the HIGH simulations do provide a better fit to the MLS observations at~10 hPa than the LOW simulations. This suggests that our simulations of Pinatubo with HG2 are better represented by LOW than HIGH injection profiles although we recognize that the best representation of injection profile would be somewhat higher than LOW but considerably lower than HIGH. For the rest of this analysis, we focus on the LOW experiments as the 1D_LOW ensemble mean provides the best fit to the observations such that that while 1D_LOW_AV has a similar global mean AOD to 1D_HIGH_AV (Figure 2 ), it has a better R 2 in the horizontal ( Figure 3 ) and a better vertical SO 2 distribution when compared to observations (Figure 4 ).
From Figure 4 , the 10D_LOW SO 2 concentrations are much smaller than the Microwave Limb Sounder (MLS) measurements reported by Read et al. [1993] and peak at 40 hPa altitude rather than the~25 hPa altitude from observations. Conversely, the 1D_LOW_AV and most of the 1D_LOW ensemble's SO 2 concentrations are similar to observations (e.g.,~14 ppbv at 22 hPa). Figure 5 shows the atmospheric zonal mean SO 4 mass mixing ratio anomalies for 1D_LOW_AV and 10D_LOW for July, September, November, and December 1991. From Figure 5 , the sulfate reservoir in the tropics in July is at a higher altitude for 1D_LOW_AV than for 10D_LOW and closer to the equator; for instance, the peak mass mixing ratio anomaly (indicated by the dashed lines in Figure 5 ) in July for 1D_LOW_AV is at 34 hPa, 4°N and for 10D_LOW is at 41 hPa, 19°N. Trepte and Hitchman [1992] showed that aerosol in the lower tropical stratosphere (>40 hPa altitude) is rapidly transported toward high latitudes, while aerosol at higher altitudes (40-10 hPa altitude) is confined to the tropical pipe. By July, 3 Tg [S] of combined SO 2 and SO 4 has been transported to middle/high NH altitudes (>30°N) in 10D, compared to 1.9 Tg [S] in 1D_LOW_AV ( Figure S3 ). The sulfate in the tropical reservoir in 
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1D_LOW_AV is predominantly transported to the SH in the upper branch of the BDC (~30 hPa altitude) in September (Figure 5f ), reaching the South Pole by November (Figure 5g ), in line with observations [Trepte et al., 1993] . However, the 10D_LOW aerosol is only transported to the SH in a lower stratospheric pathway at~100 hPa altitude (Figure 5d ).
To explain the difference in meridional transport between 1D_LOW_AV and 10D_LOW, it is necessary to compare the radiative heating perturbations. Figure 6 shows (a) the initial clear-sky heating rate anomaly for the duration of the eruption (i.e., 10 days for 10D_LOW and 1 day for 1D_LOW_AV) at the eruption location, (b) the equatorial (5°S-5°N) temperature anomaly in July, and (c) the equatorial vertical velocity anomaly in July. The 1D_LOW simulations clearly exhibit a greater radiative-heating perturbation than for 10D_LOW (Figure 6a ), which is due to the difference in initial mass loading of SO 2 . Although the radiative properties of SO 2 are not represented in this model, the SO 4 plume, which immediately begins to form from oxidation of the volcanic SO 2 , is also denser for 1D_LOW than 10D_LOW, thus inducing a greater radiative heating perturbation, which is counterbalanced by adiabatic cooling from enhanced vertical motion and by temperature tendencies (e.g., equation (3) in Holton et al. [1995] ). This is exemplified by the greater equatorial heating (Figure 6b ) and vertical velocity perturbation (Figure 6c ) in 1D_LOW_AV than 10D_LOW. The 1D_LOW aerosol is therefore "self-lofted" to higher altitudes than the 10D_LOW aerosol and is concomitantly transported in the upper stratospheric pathway in the SH.
The peak aerosol burden anomaly in the 1D_LOW_AV experiment is 5.8 Tg [S] (Figure S3 ), which falls within the observed uncertainty range of 3.7 to 6.7 Tg [S] given by Dhomse et al. [2014] . By December 1991, 40% of the 10 Tg [S] volcanic sulfur in 1D_LOW_AV has been removed from the atmosphere. Figure S4 shows the relative contributions to the total sulfur deposition at the surface from the primary removal processes for the first 7 months after the eruption for 10D_LOW and 1D_LOW_AV. It is clear that the wet deposition of dissolved sulfate by large-scale precipitation events contributes the largest deposition of sulfur (~60 %), followed by convective scavenging of accumulation-mode sulfate (~25 %). SO 2 deposition by convective scavenging contributes~4% of the total sulfur deposition, which decreases over time as SO 2 is oxidized to form sulfate.
3.3. "Day 1" Eruption Against "Day 10" Eruption Figure 7 shows the zonal mean AOD evolution for the individual 1D_LOW simulations. The first eight ensemble members show reasonable conformity with AVHRR/SAGE_4λ observations, which is quantitatively corroborated by their similar R 2 values (~0.3-0.5). However, the last two simulations (1D_LOW_9 and 1D_LOW_10) exhibit minimal transport of aerosol into the SH, in disagreement with the observations (reflected in R 2 values <0.1). The only difference between the simulations is the meteorology encountered by the aerosol plume. Figure S5 shows the zonal mean AOD evolution from AQ12′s eight ensemble members (equivalent to our Figure 7 ). Despite the fact that the meteorology is independent of that in AQ12, we have obtained very similar results-for instance, the difference between their simulations Pin45act4d and Pin45act3d, with the latter showing a persistent NH aerosol plume, is similar to the difference between our 1D_LOW_1 and 1D_LOW_10. As mentioned in section 3.2, the absence of SH aerosol in the HG2 simulations could partially be attributed to the lack of representation of the Cerro Hudson (CH) eruption, which occurred on 15 August 1991. In order to assess the importance of the CH eruption on SH aerosol in the aftermath of the Pinatubo eruption, we have rerun the 1st and 10th 1D ensemble members (1D_LOW_1 and 1D_LOW_10) with a CH-like eruption included. CH is represented by a 3.3 Tg [SO 2 ] injection, with SO 2 emitted uniformly between 11 and 16 km altitude from 04:00 to 12:00 on 1 August (2 months after Pinatubo) at 46°S, 73°W [Schoeberl et al., 1993a; Deshler and Anderson-Sprecher, 2006] . Figure S7 shows the zonal mean 550 nm AOD evolution for the 1D_LOW_1 + CH and 1D_LOW_10 + CH experiments. It is clear that the inclusion of CH in the simulations has not significantly affected the AOD distribution; for instance, the R 2 values for the 1D_LOW_10 and 1D_LOW_10 + CH experiments are the same (0.09). ) for the most disparate 1D_LOW simulations, 1D_LOW_1 and 1D_LOW_10, at intervals of 3, 7, 14, and 30 days after the initiation of the eruption (see also Movie S1 in the supporting information). The circled-arrows in Figure 8 show the direction of the 
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[S]-concentration-anomaly weighted wind vector. During the first 3 days following the eruption, the 1D_LOW_10 aerosol exhibits a more northward progression as indicated by the significant aerosol burden at 30°N in Figure 8e . The 1D_LOW_10 aerosol is advected northward by the prevailing southerly wind at 45°E (Figure 8e ), while the 1D_LOW_1 aerosol remains concentrated between 10°N and 20°N. The most dramatic difference in the [S]-weighted wind vector between 1D_LOW_1 and 1D_LOW_10 simulations occurs at day 7. Here 1D_LOW_1 indicates a continued progression westward in the easterly winds, while 1D_LOW_10 shows an almost complete reversal in the direction of advection owing to the influence of the anticyclone over Asia in this simulation. Figure 9 shows the 100 hPa wind vector superimposed on the 100 hPa wind speeds for 1D_LOW_1 and 1D_LOW_10, evaluated 3 days after the eruption, and for ERA-interim reanalysis on 18 and 20 June 1991 [Dee et al., 2011] . It is clear that the northward advection of aerosol in 1D_LOW_10 is driven by the anticyclonic vortex centered over North India (30°N, 75°E) (Figure 9b ), which is not present in 1D_LOW_1 at the equivalent time (Figure 9a) . Although a similar southerly wind at~45°E is present on 18 June in the reanalysis data (Figure 9c ), it had dissipated by 20 June (Figure 9d ). Anticyclogenesis over Asia in June is the result of warming over a region spanning Iraq to Tibet [Yanai et al., 1992] , with anticyclonic anomalies then propagating eastward along the subtropical jet [Watanabe and Yamazaki, 2012] and eventually weakening by August [Bourassa et al., 2012] . Bourassa et al. [2012] suggested that an anticyclonic vortex over Asia was fundamental in the transport of the volcanic plume immediately after the 2011 Nabro (13°N, 41°E) eruption although these findings have been contested [Fromm et al., 2014] . What is clear is that the precise meteorological conditions that prevail during the eruption strongly influence the poleward progression of the aerosol. From Figures 8  and 9 we have shown that the aerosol transport out of the tropics is inextricably linked to the ambient wind direction, with the 1D_LOW_1 aerosol encountering a zonally dominant transport regime (Figure 8a) . As a result, by day 30 the 1D_LOW_1 aerosol is primarily confined to the tropics (Figure 8d ) 
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at altitudes of~40 hPa, while the 1D_LOW_10 aerosol is primarily confined to the NH (Figure 8h ). Consequently, 1D_LOW_1 aerosol is transported into the SH within the upper branch of the BDC ( Figure S8 ). By January 1992, 0.54 Tg [S] of combined SO 2 and SO 4 has been transported to the SH in 1D_LOW_1, compared to 0.1 Tg [S] in 1D_LOW_10 ( Figure S9 ).
Potential Climatic Consequences
The spatial distribution of the volcanic aerosol has important implications for the resultant climate impacts. Haywood et al. [2013] showed that hemispherically asymmetrical aerosol forcing is causally related to the displacement of the Intertropical Convergence Zone (ITCZ). For instance, the twentieth century NH volcanic eruptions of Novarupta-Katmai (June 1912) and El Chichón (March-April 1982) produced peak sulfate AOD hemispheric-asymmetries (AOD NH-SH ) of 0.08 and 0.07, respectively [Sato et al., 1993; Haywood et al., 2013] , resulting in significant negative Sahelian precipitation anomalies in the subsequent year. In contrast, Pinatubo produced a peak AOD NH-SH of 0.04 and no significant shift in the ITCZ [Haywood et al., 2013] , although precipitation is generally suppressed subsequent to large volcanic eruptions owing to reductions in surface irradiances leading to reductions in latent heat fluxes and a slowing down of the hydrological cycle [Trenberth and Dai, 2007] . In these experiments, 1D_LOW_1 produces a peak AOD NH-SH of 0.05, which is close to the Pinatubo observations, while 1D_LOW_10 produces a peak AOD NH-SH of 0.10, which exceeds the observed AOD NH-SH for Novarupta-Katmai and El Chichón. Figure 10 shows the SW radiative flux anomalies at the tropopause for 1D_LOW_1 and 1D_LOW_10, averaged over the two complete calendar years (January-December) following the eruption. The SW forcing is more spatially uniform for 1D_LOW_1 than for 1D_LOW_10, which is a direct result of the location of the aerosol plume. For instance, the SW forcing in 1D_LOW_10 in the SH is negligible (À0.25 W/m 2 ), while the SW forcing in the NH is significant (À4.1 W/m 2 ). The standard deviation of the NH (30°N-90°N) mean net SW flux at the tropopause in the control simulation is 0.26; therefore, this SW forcing is significant at the 2σ level.
The aerosol burden in the tropical reservoir has implications for stratospheric dynamics and therefore stratospheric ozone concentrations [Aquila et al., 2014] . Stratospheric sulfate aerosols provide surfaces for heterogeneous reactions between free radicals and ozone, which can result in ozone depletion [Aquila et al., 2013] . Additionally, tropical stratospheric warming due to LW and near-infrared absorption within the aerosol layer would increase the local upwelling velocity and transport ozone-poor air in the lower stratosphere to higher altitudes where ozone is more easily destroyed [Schoeberl et al., 1993b] . Figure S10 shows the equatorial zonal mean wind perturbation for 1D_LOW_1, 1D_LOW_10, 1D_LOW_AV, and 10D_LOW. Tropical stratospheric aerosols promote a prolonged westerly QBO phase [Aquila et al., 2014] . The greater tropical sulfate reservoir in 1D_LOW_1 causes a delay to the downward propagation of the easterly winds, which is exemplified by the positive (westerly) anomaly in 1D_LOW_1 at~40 hPa following the eruption ( Figure S10 ). Labitzke [1994] reports that after Pinatubo observations showed a warming of the lower stratosphere of about 3 K and a delay in the downward propagation of the easterly winds. Figure S11 shows the equatorial zonal mean zonal wind profiles for the Control and 1D_LOW_1 simulations. QBO phase changes are indicated in Figure S11 by the vertical black lines along 40 hPa altitude (where the QBO phase is defined by the zonal wind direction at 40 hPa) [Baldwin et al., 2001] . From Figure S11 , the first QBO phase change following Pinatubo is delayed by 1-2 months in the 1D_LOW_1 eruption compared to the control. Additionally, the significant aerosol concentration anomaly at the South Pole in November 1991 for 1D_LOW_1 (Figure 5c ) would enhance heterogeneous ozone chemistry within the Antarctic vortex, as observed after the Pinatubo eruption [McCormick et al., 1995] .
Discussion
We have shown that the dispersion of volcanic aerosol can be highly sensitive to the ambient meteorology, with this sensitivity dependent on the altitude of SO 2 emission. While simulations using the 20 Tg [SO 2 ] LOW injection scenarios show a lot of sensitivity to meteorological conditions, simulations using the 14 Tg [SO 2 ] HIGH scenarios show little sensitivity. While it is difficult to determine whether the 20 Tg [SO 2 ] LOW or the 14 Tg [SO 2 ] HIGH simulations provide simulations that are more consistent with observations from global mean assessments of the AOD alone, assessment of the spatial distribution in both the horizontal and vertical suggests that, for our modeling study at least, members of the 20 Tg [SO 2 ] LOW ensemble are most consistent with observations. We find that the mean of the ten 1 day eruptions, where 20 Tg [SO 2 ] is emitted between 16 and 18 km altitude, provides a reasonable consistency with observations, but there is significant variability between the ensemble members. This variability is related to anomalous anticyclonic activity along the subtropical jet, which affects the "leakiness" of the tropical pipe and therefore the amount of aerosol that is retained within the tropical reservoir. We have discussed the implications of our results with respect to resultant climate changes, for instance, the possible effects of hemispherically asymmetric aerosol burdens on Sahelian precipitation, but note that a GCM with an interactive ocean model would be needed to comprehensively evaluate the climatic impacts of the different Pinatubo realizations. We have also compared the aerosol dispersion from a simulated 10 day eruption with the ensemble mean of the ten 1 day eruptions. These simulation designs represent two intuitive methods of overcoming the problem of variable meteorology. We have shown that the 10 day eruption is unable to produce the radiative heating and concomitant aerosol self-lofting required to transport aerosol to the SH; hence, the resultant spatial distribution of sulfate AOD compares inadequately to observations (Figure 3c ). In contrast, the 1 day ensemble mean AOD anomaly is much closer to observations ( Figure 3d) ; therefore, performing a 1 day eruption ensemble presents a better solution to overcoming variable meteorology. However, the intraensemble variability in the 1D_LOW experiments is significant; for instance, 1D_LOW_9 and 1D_LOW_10 fail to capture the SH transport of aerosol observed after Pinatubo (Figures 7i and 7j) . Assuming that the 1D_LOW results represent the complete set of possible realizations of the Pinatubo eruption, this would mean a 20% chance of obtaining a "failed" simulation for the specific goal of obtaining SH transport.
We have also performed simulations in which 20 Tg [SO 2 ] is emitted within a 3 h span between 16 and 18 km altitude (3H_LOW). The 3 h duration was selected to represent the cataclysmic Pinatubo eruption that occurred on 15 June 1991 [Holasek et al., 1996] . We find that our results from a 24 h period are equivalent to those from a 3 h eruption. However, we qualify this result by noting the limitations of the aerosol microphysics scheme employed here, which only consists of two sulfate size modes. Additionally, SO 2 is not the only substance emitted by volcanic eruptions-volcanic ash is co-emitted and would very likely change the heating rates due to the predominance of coarse mode aerosols [e.g., Niemeier et al., 2009] that are effective absorbers of infrared radiation. We have also performed simulations in which the Cerro Hudson eruption that occurred on 15 August 1991 is represented by a 3.3 Tg [SO 2 ] injection between 11 and 15 km altitude at (46°S, 73°W), in an eruption that lasts 8 h. We find little difference in zonal mean AOD between simulations with and without the Cerro Hudson eruption ( Figure S7 ).
Our results are conditional on the selected specifications of the eruption and the specifications of HadGEM2-CCS. For instance, we have shown that the aerosol dispersion after a high-altitude SO 2 emission scenario (19-29 km) is substantially less sensitive to the existing meteorological state, which is due to the limited meteorological variability in the middle stratosphere. It is therefore imperative to precisely identify the initial location of the volcanic plume in order to accurately model the concomitant aerosol transport. An eruption during a different month might also avoid the variability associated with the Asian anticyclone, which is a seasonal (June-August) phenomenon [Park et al., 2007] , and an eruption during a different QBO phase would alter the permeability of the tropical pipe [Trepte et al., 1993] . Additionally, the representation of sulfate aerosol in HadGEM2-CCS is limited to two hygroscopic modes with fixed dry-mode radii [Bellouin et al., 2007] . Observations from the postPinatubo era showed that the global sulfate size distribution continued to grow for 1.5 years after the eruption to attain effective radii of approximately 0.6-0.8 μm [Stenchikov et al., 1998; Russell et al., 1996] , whereas the accumulation-mode aerosol in these simulations is fixed at a geometric mean radius of a lognormal mode of 0.376 μm. Larger particles experience greater fall velocities [Rasch et al., 2008] and absorb more efficiently in the LW and near-infrared spectrum and scatter less efficiently in the SW spectrum. Our model might therefore underestimate the gravitational sedimentation rates and LW heating rates exhibited by the volcanic aerosol. Inevitably, the sea surface temperature and meteorological state in our simulations are unrelated to the observed post-Pinatubo conditions. Our simulations therefore include a subset of possible meteorological conditions that could be encountered by a volcanic-aerosol plume, conditions which would also differ with season and latitude of eruption. For interest, the ongoing model intercomparison project VolMIP (http://volmip.org/ experiments.html) also selected to use preindustrial baseline conditions for their eruption simulations. VolMIP's VolLongS60EQ scenario is comparable in design to our simulations (but with a significantly greater SO 2 emission of 100 Tg); therefore a direct evaluation of the aerosol plume evolution in that scenario could prove elucidative. One final caveat is that we prescribed ozone concentrations for the duration of these simulations; therefore, the model excludes simulation of the ozone changes from heterogeneous reactions on the aerosol surfaces (and the resultant feedback) such as observed after Pinatubo [McCormick et al., 1995] . We believe that these caveats, however, do not alter the primary result of this research: that volcanic aerosol plume evolution can be highly sensitive to the existing meteorological state.
With the improved representation of stratospheric aerosol in climate models, it is tempting to suggest that the models might disregard the imposition of climatologies of stratospheric aerosol concentrations in favor of simply injecting SO 2 and relying on the aerosol scheme to provide sulfate aerosol concentrations that are self-consistent with the meteorology. However, the extreme variability evidenced by the factor of 2 difference between the AOD in the 1D_LOW_1 and 1D_LOW_10 scenarios (Figure 2) suggests that the meteorological variability may compromise results: studies may "get lucky" and represent a particular volcanic eruption with reasonable fidelity, but they may not. Indeed, the chances of successfully representing all significant volcanic eruptions in the twentieth century (Novarupta-Katmai, Agung (March, May 1963) , El Chichón, and Pinatubo) can be estimated from our statistics as around 0.8 4 or~0.4, indicating that the chances of simulating all
Journal of Geophysical Research: Atmospheres
10.1002/2016JD025001
volcanoes with reasonable fidelity is less than 50:50. Our results also suggest that simply averaging by simulating a multiple-day eruption cannot represent the heating rates in the atmosphere and hence correctly model aerosol-dispersion. Our study suggests that centennial scale modeling such as the CMIP6 "deck" may wish to stick to tried and tested climatological stratospheric aerosol concentrations. Our study also suggests that future climate model simulations should account for meteorological variability when simulating volcanic eruptions.
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